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KineticsAbstract This manuscript presents results of a study on sorption effectiveness of orthophosphate
and nitrate III and V in an equimolar mixture of P–PO4, N–NO2 and N–NO3 using chitosan in the
form of hydrogel beads. Analyses were carried out for: the effect of pH on sorption intensity of
orthophosphate and of nitrate III and V onto chitosan, sorption kinetics onto chitosan, and the
maximum sorption capacity of P–PO4, N–NO2 and N–NO3 by chitosan in a mixture.
The most effective sorption of P–PO4, N–NO2 and N–NO3 was observed at pH 4. In turn, at pH
6–11 the sorption of orthophosphate and nitrate onto chitosan proved ineffective. P–PO4, N–NO2
and N–NO3 sorption kinetics was best described by the pseudo-second order model. The model of
intraparticle diffusion fitting to experimental data demonstrated that the process of orthophosphate
and nitrate sorption onto chitosan proceeded in 2 phases, i.e. 1 – adsorption and 2 – absorption.
A phenomenon of the partial release of P–PO4, N–NO2 and N–NO3 after a specified period of
time was observed in the study, which was due to a change in solution pH induced by the sorbent.
The period after which desorption occurred was 120 min in the case of phosphates and 60 min in the
case of nitrates III and V. The quantity of bound sorbate (a mixture of orthophosphate and nitrate)
was the highest in the 60th minute of sorption.
The study demonstrated evident competition between H2PO4
, NO2
 and NO3
 ions. The affinity
of orthophosphate and nitrate to the sorption centers of chitosan could be ordered as follows:
P–PO4 > N–NO2 > N–NO3. Sorption equilibrium isotherms were best described by a heterogeneousN–NO3
2 T. Jo´z´wiak et al.
Please cite this article in press as: Jo´z´wiak, T.
using chitosan. Arabian Journal of ChemistrLangmuir’s model. In the equimolar mixture of P–PO4, N–NO2 and N–NO3, the sorption capacity
of 1 g of chitosan reached 0.507 mmol H2PO4
/g, 0.373 mmol NO2
/g and 0.350 mmol NO3
/g,
which means a total of 1.23 mmol nutrients.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Municipal wastewater with high contents of nitrates or orthophos-
phates is especially troublesome. Excessive concentrations of
orthophosphates and nitrates may disturb the work of conventional
wastewater treatment plants; hence, some industrial plants are often
under an obligation of wastewater pre-treatment. Penetration of
nitrates or phosphates to natural waters may cause their eutrophica-
tion (Saad et al., 2007; Mielcarek et al., 2015); therefore, the most
effective technologies of these components removal from wastewater
are highly recommended.
An effective method of phosphorus compounds removal from
wastewater involves their precipitation with lime or with salts of iron
and aluminum. This is, however, an expensive method that addition-
ally leads to water salinity and to the generation of high quantities
of sludge (Liang et al., 2014). The effective removal of nitrates III
and V is ensured by membrane methods and ionic exchange. But these
technologies are also expensive. It seems advisable, therefore, to
develop not only an effective but also an inexpensive method for the
removal of nitrates and phosphates from municipal wastewater.
One of the most effective and safe methods for contaminants
removal from wastewater is the process of sorption. Its costs depend
mainly on the price and efficiency of a sorbent. In the case of removing
PO4
3, NO2
, and NO3
 ions, the sorbent should have a positive charge
in an aqueous solution. Electrostatic interactions between sorbate
anions and a positively-charged surface of the sorbent should –
theoretically – increase sorption effectiveness.
Among cheap and unconventional sorbents, a growing popularity
is gained by chitosan [CHs]. It is a polysaccharide, a derivative of
chitin being the main component of exoskeletons of marine crus-
taceans (Filipkowska, 2004). The annual production of chitin by living
organisms is estimated at ca. 1011 Mg (Je and Kim, 2006). Owing to the
presence of amine groups capable of protonation, chitosan bears a pos-
itive charge in aqueous solutions. The –NH3
+ groups present in its
structure facilitate the sorption of anionic contaminants (Piccin
et al., 2009). A great advantage of CHs is the possibility of its applica-
tion in the form of a hydrogel. The hydrogel structure of the sorbent
facilitates the access of sorbates to sorption centers. Hydrogel chitosan
sorbents have already been proved highly useful in the removal of
anionic dyes from aqueous solutions (Filipkowska and Jo´z´wiak,
2013; Kyzas and Lazaridis, 2009; Chiou et al., 2004). Some studies
have also been carried out on the removal of orthophosphates
(Filipkowska et al., 2014; Sowmya and Meenakshi, 2013) and nitrates
(Sowmya and Meenakshi, 2013; Jo´z´wiak et al., 2014) onto chitosan;
however, knowledge in this area is still insufficient.
The application of CHs for the removal of municipal wastewater
affords the possibility of nutrients recovery, which is especially signif-
icant in the case of orthophosphates. After completed wastewater
treatment, the chitosan hydrogel saturated with orthophosphate and
nitrate may be used as a fertilizer. After release of nutrients, the
sorbent remaining in the soil might play the role of a hydrogel, a sub-
stitute for polyacrylate or polyacrylamide, which allows maintaining
stable humidity of soil.
Investigations conducted so far have usually involved the treatment
of aqueous solutions that contained one component or have been
focused on the sorption of a selected nutrient from the solution.
Municipal wastewater usually contains more than one type of compo-
nent. In real conditions, sorption of one nutrient may – theoretically –
be impaired by the presence of another nutrient (Saad et al., 2007).et al., Sorption of nutrients (orthophosp
y (2016), http://dx.doi.org/10.1016/j.araThis may be due to the competition between sorbates for the active
sites of the sorbent. It concerns, most of all, ions with the same electric
charge (e.g. H2PO4
, NO2
, NO3
). The selective sorption of nitrates in
the presence of orthophosphates seems very difficult or even impossi-
ble. A study on the sorption of nutrients in the presence of competitive
ions seems, therefore, fully substantiated. Worthy of attention is also
the likely release of the (earlier sorbed) nutrients (orthophosphate
and nitrate) after a specified period of time.
Considering the above, this study was aimed at evaluating treat-
ment effectiveness of aqueous solutions containing a mixture of
NO3
, NO2
, PO4
3 with the use of CHs in the form of hydrogel beads
(see Fig. 1). The scope of the study included determinations of the
effect of pH on orthophosphate and nitrate sorption intensity, sorption
kinetics and CHs capacity for the sorption of particular nutrients
(orthophosphate and nitrate) in a mixture. Study results allow ordering
affinity of individual nutrients to the active sites of the chitosan sor-
bents. Considering the proved phenomenon of orthophosphate and
nitrate release by the chitosan sorbent, the optimal contact time of
sorbate with the sorbent was established as well.
2. Materials
Chitosan [CHs]
Chitosan applied in the study originated from Heppe
Medical Chitosan GmbH in Halle. Chitosan specification
provided by the producer is presented in Table 1.
Chitosan applied in the study was subjected to an FTIR
analysis (Fig. 2). Distinct peaks at 1320 cm1, 1075 cm1 and
950 cm1 (extending C–O bonds) and at 1020 cm1 (extending
C–O–C bonds) are indicative of the saccharide structure of chi-
tosan (Mitra et al., 2013). The appearance of peaks at
1640 cm1 and 1152 cm1 (oscillation of N–H bond) indicates
the presence of amine groups (Anirudhan and Rijith, 2009;
Kim et al., 2012), whereas a wide absorption band of
3000–3700 cm1 (oscillation of O–H bond) indicates the occur-
rence of a hydroxyl group (Xiong et al., 2009; Sowmya and
Meenakshi, 2014).
2.1. Chemical reagents
The following chemical reagents were used in the study: potas-
sium dihydrophosphate, potassium nitrate III, potassium
nitrate V, 35–38% hydrochloric acid, sodium hydroxide, and
99.5–99.9% acetic acid. All the reagents were analytically pure
and were purchased from POCH S.A. (Poland).
2.2. Measuring devices and additional equipment
The following equipment was used in the study:
– HI 221 pH-meter – by Hanna Instruments, (USA)
– Genesys 20 spectrophotometer – by Thermo Scientific,
(USA)
– ALPHA FT-IR-base spectrometer – by BRUKER
(Germany).hate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
bjc.2016.04.008
Figure 1 Sorption of nutrients (orthophosphate, nitrate III and V) onto hydrogel chitosan sorbent.
Table 1 Chitosan parameters (provided by the producer).
Appearance and form of chitosan
(flakes – raw material)
(hydrogel beads – ready sorbent)
Structural formula
Appearance of solution Slightly yellowish
(at concentration of 1% in 5% acetic acid)
Yellow-brown
(at concentration of 2–5% in 5% acetic acid)
Deacetylation degree 82.6–87.5% (mean: 85.0%)
Viscosity 351–750 mPas (mean: 500 mPas)
Ash content in dry matter <1%
Dry matter content Flakes – 86.8%/hydrogel beads – 5.2%
Content of heavy metals
Pb 20 ppm
Hg 0.2 ppm
Cd 0.5 ppm
Source of origin of raw material Exoskeletons of shrimps
Sorption of nutrients in an equimolar mixture 33. Methods
3.1. Sorbent preparation
25 g d.m. of chitosan flakes, 50 g of acetic acid (99.5%) and
925 g of distilled water were added to a 2 L beaker that wasPlease cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.araplaced on a magnetic stirrer. The mixture was stirred until a
homogeneous mass has been achieved, and then left for 24 h
to deaerate. The concentration of chitosan in the resultant
mixture reached 2.5%. Afterward, the solution was instilled
to a 2 M solution of NaOH to form beads (2.0–2.2 mm in
diameter). During sorbent gelling, the NaOH solution was
placed on a magnetic stirrer (300 r.p.m.). The chitosan beadshate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
bjc.2016.04.008
Figure 2 IR spectrum of the analyzed chitosan.
Figure 3 Preparation of chitosan sorbent.
4 T. Jo´z´wiak et al.formed were kept in an NaOH solution for another 24 h, and
then were rinsed with distilled water until neutral pH has been
reached. Surface of the finished sorbent hydrogel was
30–40 cm2/g. So prepared sorbent was kept in distilled water
at a temperature of 4 C. The scheme of chitosan sorbent
preparation is presented in Fig. 3.
3.2. Preparation of the solution of nutrients (orthophosphate,
nitrate III and V)
The stock solution was made of a mixture of nutrients with
concentrations of individual components as follows: 1 mol
P–PO4/L, 1 mol N–NO2/L and 1 mol N–NO3/L. In order to
prepare the solution, 3.4807 g of KH2PO4, 6.0757 g of KNO3,
and 7.2180 g of KNO3 were weighed on an analytical scale
and introduced to a beaker (1000 mL). Next, ca. 700 mL of
distilled water was poured into the beaker to dissolve the
substrates. After mixing, the mixture of nutrients was trans-
ferred quantitatively to a measuring flask (1000 mL). The flaskPlease cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arawas filled up with distilled water, and the mixture was stirred.
The stock solution was stored in a dark room at a temp. of
4 C. It was further used to prepare working solutions with
P–PO4, N–NO2, and N–NO3 concentrations ranging from
0.1 to 10 mmol/L, as well as to prepare dilutions. The pH values
of the solutions were adjusted with 0.1 and 1.0 M solutions of
HCl and NaOH.3.3. Determination of nutrients (orthophosphate, nitrate III
and V) concentration in solutions
Individual biogenes were determined in solutions containing
the mixture of PO4
3, NO2
 and NO3
 according to Polish
Standards:
P–PO4 – PN-EN 6878:2006
N–NO2 – PN-82/C-04576/08
N–NO3 – PN-73/C-04576/06.hate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
bjc.2016.04.008
Sorption of nutrients in an equimolar mixture 53.4. Determination of pH effect on nutrients (orthophosphate,
nitrate III and V) sorption effectiveness
Portions of the chitosan sorbent (0.2 g d.m.CHs each) were
weighed into conical flasks with the volume of 300 mL and
then the solution of nutrients (200 mL) with pH 2.0–12.0 was
added. The flasks were placed on a shaker (150 r.p.m.).
After 2 h of the sorption process, 10-mL samples were col-
lected from the solution in order to determine the concentra-
tion of remaining nutrients (P–PO4, N–NO2 and N–NO3).
Parameters of these analyses are summarized in Table 2.
3.5. Determination of sorption kinetics/determination of optimal
sorption time
2 g d.m. of the sorbent and 2000 mL of the solution containing
N–NO2, N–NO3, P–PO4 with the determined optimal pH
value were added into a 2500-mL beaker. Samples (5 mL) were
collected in specified time intervals in order to determine the
concentration of nutrient left in the solution. Parameters of
experiments concerning reaction equilibrium time are pre-
sented in Table 3.
3.6. Determination of the maximum sorption capacity
Portions of the sorbent (0.2 g d.m.) and solutions (200 mL)
containing the mixture of N–NO2, N–NO3, and P–PO4
with concentrations ranging from 0.1:0.1:0.1 to 10.0:10.0:10.0Table 2 Parameters of analyses conducted to establish the optimal
Sorbent conc.
(CHs) (g/L)
Anions removed
from the solution
Molar ratio of P–PO4:
N–NO2: N–NO3 in the solution
An
P–
1 PO4
3
NO2

NO3

1: 1: 1
Table 3 Parameters of analyses conducted to determine sorption re
Sorbent conc.
(CHs) (g/L)
Molar ratio of P–PO4: N–NO2:
N–NO3 in the solution
Analyzed concentratio
P–PO4: N–NO2: N–N
1 1: 1: 1 0.1: 0.1: 0
0.5: 0.5: 0
1.0: 1.0: 1
Table 4 Parameters of analyses conducted to determine the maxim
nitrate III and V) in the mixture.
Sorbent conc.
(g/L)
Molar ratio of N–NO2: N–NO3:
P–PO4 in the mixture
Mixture
component
Concent
R1 R2
1 1: 1: 1 P–PO4 0.1 0.5
N–NO2 0.1 0.5
N–NO3 0.1 0.5
Please cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arammol/L were measured out to a series of 25-mL conical flasks.
The solutions had optimal pH, as determined in point 3.4. The
flasks were placed on a shaker (200 r.p.m.) for the period of
time specified in point 3.5. Afterward, analyses were conducted
for concentrations of nutrients (orthophosphate, nitrate III
and V) left in the solution. Parameters of these analyses are
provided in Table 4.
3.7. Computation methods
The quantity of nutrients (orthophosphate, nitrate III and V)
sorbed on CHs was computed using the following formula (1):
Qs ¼ ðCo CsÞ  V
m
ð1Þ
Qs – mass of the sorbed nutrient (mmol/g).
Co – initial concentration of the nutrient (mmol/L).
Cs – nutrient concentration after sorption (mmol/L).
V – solution volume (L).
m – sorbent mass (g).
The kinetics of nutrients sorption onto CHs was described
with the pseudo-first order (2) and pseudo-second order (3)
equations:
Dq
Dt
¼ k1ðqe  qÞ ð2Þ
Dq
Dt
¼ k2ðqe  qÞ2 ð3ÞpH value of the sorption process of anions.
alyzed concentration of sorbates
PO4: N–NO2: N–NO3 (mmol/L)
Anaalyzed pH
values of sorption
(pH)
Duration of
sorption (h)
0.1: 0.1: 0.1 2, 3, 4, 5, 6, 7, 8, 9,
10, 11
2
action equilibrium time.
n of sorbates
O3 (mmol/L)
Sample collection time (min)
.1 0, 1, 5, 10, 20, 30, 40, 50, 60, 90, 120, 180, 240, 300
.5
.0
um sorption capacity of individual nutrients (orthophosphate,
rations of sorbates in consecutive solutions (R)
of the mixture (mmol/L)
Sorption time (h)
R3 R4 R5 R6 R7 R8 R9 R10
1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0 1
1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0
1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0
hate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
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6 T. Jo´z´wiak et al.q – momentary quantity of the sorbed nutrient (mmol/g).
qe – equilibrium quantity of the sorbed nutrient (mmol/g).
t – sorption time (min).
k1 – constant in pseudo-first order equation (1/min).
k2 – constant in pseudo-second order equation
(g/(min mmol)).
Phases of nitrate nitrogen sorption onto chitosan sorbents
were described with a simplified model of intraparticle diffu-
sion (4):
qt ¼ kd  t0:5 ð4Þ
qt – momentary quantity of the sorbed nutrient (mmol/g).
kd – intraparticle constant of diffusion rate (mmol/
g min0.5).
t – sorption time (min).
The maximum sorption capacity was determined using two
different adsorption models.
Heterogeneous Langmuir’s model (5) is as follows:
qe ¼
qmax  Kc  C
1þ Kc  C ð5Þ
qe – equilibrium quantity of the sorbed nutrient (mmol/g).
qmax – maximum adsorption capacity of adsorbent mono-
layer (mmol/g).
Kc – constants in Langmuir 2 equation (L/mmol).
C – concentration of nutrient left in the solution (mmol/L).
Heterogeneous Freundlich model (6) is
qe ¼ K  Cn ð6Þ
qe – equilibrium quantity of the sorbed nutrient (mmol/g)
C – concentration of nutrient left in the solution (mmol/L)
K – sorption equilibrium constant in Freundlich model
n – heterogeneity parameter.
The fit of experimental data to the mathematical models
was determined using a correlation coefficient R2 (7):
R2 ¼
P ðqcal  qexpÞ2
P ðqcal  qexpÞ2 þ
P ðqcal  qexpÞ2
ð7Þ
R2 – correlation coefficient – a measure of data fit to model.
qexp – experimental data – the quantity of the sorbed nutri-
ent (mmol/g).
qcal – theoretical data calculated from the model – the quan-
tity of the sorbed nutrient (mmol/g).
4. Results and discussion
4.1. Effect of pH on the effectiveness of P–PO4, N–NO2 and
N–NO3 sorption
Sorption effectiveness of the analyzed nutrients (orthophos-
phate, nitrate III and V) was influenced by solution pH. In a
pH value range from 4 to 11, the effectiveness of P–PO4,
N–NO2 and N–NO3 sorption onto chitosan in the form of
hydrogel beads was decreasing along with an increasing initial
pH of the solution (Fig. 4). A similar tendency was observed in
the study concerning P–PO4 sorption onto polymer-chitosanPlease cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.aracomposites (Rajeswari et al., 2015) and in the research regard-
ing N–NO3 sorption onto modified chitosan (Jo´z´wiak et al.,
2014; Chatterjee et al., 2009).
Nutrients sorption capabilities of CHs result mainly from
the electrostatic attraction between anionic nutrients and
amine groups capable of protonation. The number of proto-
nated –NH2 groups, responsible for the sorption of P–PO4,
N–NO2 and N–NO3, increases when solution pH decreases.
For this reason, the effectiveness of anionic nutrients sorption
onto CHs was the highest in acidic solutions. In the case of
CHs, the highest sorption of nutrients occurred at pH 4.
Above the initial pH 5, the sorption of nutrients onto CHs
was ineffective. The lowest sorption effectiveness was deter-
mined in a pH range from 8 to 11. In the alkaline conditions,
chitosan surface attains a negative charge, as a result of which
it repulses electrostatically the anionic nutrients and prevents
their sorption. The very low effectiveness of P–PO4, N–NO2
and N–NO3 sorption at high pH values of the solution may
also be due to the competition between nutrients and OH
ions for the sorption centers of CHs.
A major drawback of the chitosan sorbent is its instability
in the highly acidic solutions. Protonated chitosan polysaccha-
ride chains repel each other, which results in the swelling of the
sorbent. In the present study, at the initial pH < 4 the electro-
static repulsion between chitosan chains was so strong that the
chitosan sorbent had dissolved and lost the sorption ability.
Therefore, the adsorption performance data at the initial pH
2–3 have not been included in Fig. 4.
In the equimolar mixture (0.1 mM P–PO4, 0.1 mM N–NO2
and 0.1 mM N–NO3), the most effective sorption was reported
for orthophosphates, occurring mainly in the form of I-order
orthophosphates (H2PO4
) (Fig. 5), (Table 5). A lower effec-
tiveness of nitrates sorption onto chitosan could have been
due to weaker electrostatic interactions with sorbent’s surface.
In the pH range from 4.0 to 5.0, most of nitrates III possessed
the total charge of 0, which suppressed the electrostatic inter-
actions of the orthophosphates and nitrates with the –NH3
+
group. In turn, the negative charge of nitrates V was dis-
tributed among a few oxygen atoms (Fig. 5). The poorer elec-
trostatic interactions of nitrates with the active centers of CHs,
induced by dispersion of the ionic charge, might as well impair
the sorption process. In the case of the dihydrogen phosphate
ion, the charge is concentrated (Fig. 5), which could presum-
ably increase the strength of interactions between the ion
and the protonated amine group.
Apart from the electrostatic interactions between the catio-
nic sorbent and the anionic sorbate, the sorption of nutrients
onto CHs is aided by hydrogen bonds (Fig. 6). A hydrogen
bond may link an oxygen atom of the nutrient and a hydrogen
atom of the amine group of CHs. Considering the sorption of
hydrophosphates (H2PO4
, HPO4
2 – orthophosphates in a pH
range from 2.0 to 12.5), a hydrogen bond may also occur
between hydrogen of the HPO4
2/H2PO4
 anion and nitrogen
of the amine group of CHs (Nolan, 2005). Therefore, the
higher effectiveness of P–PO4 sorption onto CHs, compared
to N–NO2 and N–NO3, could also be due to a potentially
higher number of hydrogen bonds (Fig. 6A).
A comparison of N–NO2 and N–NO3 sorption demon-
strates higher sorption effectiveness of N–NO2, which could
result from a lower mass of nitrate III ion. The HNO2/NO2

having smaller sizes compared to NO3
 more easily penetrated
into the hydrogel structure of the chitosan sorbent.hate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
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Figure 4 Effect of pH on the effectiveness of nutrients (orthophosphate, nitrate III and V) sorption onto CHs.
Figure 5 Structural formulas of predominating forms of nutrients in a pH range from 2 to 7.
Table 5 Effect of pH on the predominating form of orthophosphate (Menzies, 2009; Boyd, 1982) and nitrate III in the aqueous
solution.
Predominating form of orthophosphate/orthophosphate ion Predominating form of nitrate III
pH range Ion order Molecular formula Structural formula pH range Ion order Molecular formula Structural formula
<2.0 – H3PO4
<5.2 – HNO2
2.0–7.0 I H2PO4

7.0–12.5 II HPO4
2
>5.2 I NO2

>12.5 III PO4
3
Sorption of nutrients in an equimolar mixture 7The chitosan sorbent had a great influence on changes in
solution pHduring sorption process. In solutions with the initial
pH values of 4–9, after the sorption process, the pH values ran-
ged from 7.31 to 7.81 (Fig. 7A). Regardless of the ionic strength
of the solution, the system always tended to reach a pH value
close to pHZPC = 7.65 (Fig. 7B). This is especially important
for the operators of wastewater treatment systems because the
solution neutralizes itself throughout the sorption process and
adjustment of its pH after the process is unnecessary.
4.2. Kinetics of P–PO4, N–NO2 and N–NO3 sorption
The amount of nutrients bound on the chitosan sorbent was
influenced by the length of the sorption process. The quantityPlease cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.araof orthophosphates bound with the sorption centers was the
highest after 90 min of the process. After this time, the concen-
tration of P–PO4 in the solution began to increase, which sug-
gested the beginning of desorption process of the sorbed
orthophosphates. A similar effect was observed in the case of
nitrates. Quantities of N–NO2 and N–NO3 bound on the chi-
tosan sorbent were the highest after 30 min of sorbate contact
with the sorbent. After 60 min, the sorbent began to intensively
release nitrates. Desorption of N–NO3 was more intensive
than that of N–NO2 (Fig. 8).
The phenomenon of the partial release of P–PO4, N–NO2
and N–NO3 may be linked with a change in solution pH. As
mentioned in point 4.1, the solution in which sorption occurs
always tends to reach the pH value close to pHZPC of thehate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
bjc.2016.04.008
Figure 6 Probable ways of nutrients bonding (pH 2–7) onto CHs: (A) – orthophosphates, (B) – nitrates III, and (C) – nitrates V.
Figure 7 Effect of CHs on changes in solution pH (A), and difference between solution pH at the beginning and at the end of nutrients
sorption as affected by the initial pH of the solution (B) (determination of solution pHZPC with the titration method). Temp. 22 C.
8 T. Jo´z´wiak et al.sorbent (pH  7.65). An increase in solution pH causes a
decrease in the strength of electrostatic attraction between
the sorption centers of CHs and anionic nutrients. This theory
is confirmed by data presented in Fig. 8D which indicate that
the release of nutrients by the chitosan sorbent begins when the
solution reaches pH > 7.
The possibility of nutrients release by the chitosan sorbent
suggests the need for conducting the sorption process in
strictly specified time. The recommended sorption times of
individual nutrients in a mixture onto chitosan in the form
of hydrogel beads are provided in Table 6. The common
acceptable duration of P–PO4, N–NO2 and N–NO3 sorption
onto CHs was 60 min. The phenomenon of nutrients release
by the chitosan sorbent could also be prevented by the
adjustment of solution pH during the sorption process, e.g.Please cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.araby dosing in the HCl solution. In the case of non-cross-
linked chitosan, however, the pH value after adjustment
should not drop below pH 4.
The kinetics of nutrient sorption onto CHs was described
using pseudo-first order and pseudo-second order models
(Fig. 9). Based on determination coefficient R2, in the case of
each nutrient, the greatest fit to experimental data was shown
for the pseudo-second order model.
The pseudo-second order model was also reported to fit
best to experimental data in a study by Liu and Zhang
(2015) concerning the sorption of phosphates onto chitosan
modified with zirconium and in investigations conducted
by Jo´z´wiak et al. (2014) on regarding the sorption of
nitrates onto chitosan cross-linked with epichlorohydrin/
glutaraldehyde.hate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
bjc.2016.04.008
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Table 6 Recommended time of individual nutrients
(orthophosphate, nitrate III and V) sorption on CHs in the
mixture.
Type of nutrient Recommended time of sorption on CHs (min)
P–PO4 60–120
N–NO2 30–60
N–NO3 30–60
Sorption of nutrients in an equimolar mixture 9Kinetic parameters of orthophosphate and nitrate sorption
on CHs, determined from the pseudo-first order and pseudo-
second order models, are provided in Table 7. Reaction rate
constants and chitosan sorption capacities of nutrients were
influenced by their initial concentrations. In the mixture of
P–PO4, N–NO2 and N–NO3, regardless of concentration, the
hydrogel chitosan sorbent showed the highest sorption capac-
ity of orthophosphates.Please cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.araThe intraparticle diffusion model fitting to experimental
data suggests that the process of nutrients sorption in a mix-
ture proceeds in two phases (Fig. 10). Presumably, the first
phase involved adsorption of H2PO4
, NO2
, NO3
 anions by
the active centers on the sorbent’s surface, whereas the second
phase included slow absorption of nutrients. During this
phase, anions penetrated into the hydrogel structure of CHs,
thereby exploiting the sorption centers underneath sorbent’s
surface.
Nutrients sorption effectiveness was always higher in the
first phase of the process, compared to the second phase; how-
ever, the first phase was much shorter.
In the first 5 min of the process, the most intensive was the
sorption of nitrates III, which was indicated by high values of
kd1 constant (Table 8). A higher rate of N–NO2 sorption com-
pared to N–NO3 was most probably due to the lower molecu-
lar mass of the NO2
 ions and their greater capability to
penetrate the hydrogel structure of CHs. After 5 min of the
process, the sorption of nitrates evolved into the second phase
characterized by a significantly lower sorption effectiveness.hate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
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Figure 9 Kinetics of sorption: A – P–PO4, B – N–NO2, C – N–NO3 on CHs (from a mixture of orthophosphate, nitrate III and nitrate
V), pseudo-first order model, pseudo-second order model. Temp. 22 C.
Table 7 Kinetic parameters of nutrients sorption on CHs determined from the pseudo-first order and pseudo-second order model.
Sorbates Molarity Pseudo-first order model (non-linear form) Pseudo-second order model (non-linear form) Exp. data
K1 Qe,cal R
2 K2 Qe,cal R
2 Qe,exp
(mM) (1/min) (mmol/g) – (g/mmol min) (mmol/g) – (mmol/g)
P–PO4 0.1 0.0894 0.0491 0.9744 2.0949 0.0563 0.9857 0.0505
0.5 0.0539 0.1380 0.9952 0.3195 0.1720 0.9957 0.1411
1.0 0.0491 0.2066 0.9913 0.1894 0.2599 0.9962 0.2111
N–NO2 0.1 0.7906 0.0304 0.9798 22.782 0.0334 0.9990 0.0324
0.5 0.6608 0.1091 0.9786 7.3501 0.1187 0.9982 0.1152
1.0 0.5739 0.1537 0.9577 5.9345 0.1668 0.9884 0.1657
N–NO3 0.1 0.4075 0.0194 0.9803 25.72 0.0216 0.9988 0.0205
0.5 0.2241 0.0888 0.8990 4.1673 0.0970 0.9459 0.0961
1.0 0.2062 0.1512 0.9712 1.6432 0.1733 0.9868 0.1538
10 T. Jo´z´wiak et al.After 30–40 min, sorption of nitrates ended, whereas sorption
of phosphates already evolved into the second phase which
lasted for another 50–60 min. Owing to a longer sorption
process, the quantity of P–PO4 sorbed onto CHs was higher
compared to N–NO2 and N–NO3.
4.3. Maximum sorption capacity
Isotherms of P–PO4, N–NO2 and N–NO3 sorption onto a
hydrogel chitosan sorbent are plotted in Fig. 11. Data
obtained were described using the heterogeneous Langmuir’s
model and Freundlich model. In each case, the best fit to
experimental data was shown for the Langmuir’s model.Please cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.araIn the Langmuir’s theory, the binding of sorbate molecules
with active centers of the sorbent may be chemical (chemisorp-
tion) or physical in character (e.g. electrostatic interactions,
hydrogen bonds). The sorbed molecules do not interact with
each other and do not form a multilayer. They may, however,
change the active centers and be substituted by sorbate from
the solution. The mass of the sorbed substance is influenced
by the maximum sorption capacity of a sorbent monolayer
(Qmax), and by sorbate affinity to sorbent (Kc).
The analysis of sorption isotherm shape and a relatively low
value of Kc constant suggests that the nutrients sorption
capacity by CHs is largely determined by their concentration
in the solution (Fig. 11). Sorption capacity of 1 g of CHshate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
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Figure 10 Intraparticle diffusion model for the sorption: A – P–PO4, B – N–NO2, C – N–NO3, on CHs (from a mixture of
orthophosphate, nitrate III and nitrate V) Temp. 22 C.
Table 8 Nutrients diffusion rate constants determined from a simplified intraparticle diffusion model.
Sorbent Sorbate Molarity First stage of sorption Second stage of sorption
kd1 Phase duration R
2 kd2 Phase duration R
2
(mM) (mmol g1 min0.5) (min) – (mmol g1 min0.5) (min) –
CHs P–PO4 0.1 0.0082 30 0.9226 0.0008 60 0.9430
0.5 0.0207 30 0.9919 0.0057 60 0.9631
1.0 0.0283 40 0.9938 0.0098 50 0.9820
N–NO2 0.1 0.0115 5 0.9756 0.0013 25 0.9633
0.5 0.0415 5 0.9598 0.0037 25 0.9044
1.0 0.0561 5 0.9526 0.0067 25 0.9033
N–NO3 0.1 0.0090 5 0.9937 0.0007 25 0.9334
0.5 0.0293 5 0.9582 0.0088 25 0.9816
1.0 0.0387 10 0.9888 0.0126 20 0.8324
Sorption of nutrients in an equimolar mixture 11reaches 1.23 mmol of all nutrients. Among the analyzed nutri-
ents, chitosan showed the highest affinity to orthophosphates.
In the equimolar mixture of P–PO4, N–NO2 and N–NO3,
sorption capacity of orthophosphates, nitrates III and nitrates
V by chitosan reached 0.507 mmol H2PO4
/g, 0.373 mmol NO2-
/g and 0.350 mmol NO3
/g, respectively. The affinity of nutri-
ents (orthophosphate, nitrate III and V) to the sorption centers
of chitosan in the form of hydrogel beads could be ordered as
follows: H2PO4
>NO2
>NO3
.
Constants and sorption capacities determined from Lang-
muir’s model and Freundlich model are summarized in Table 9,
whereas comparison of the effectiveness of nutrients sorption
on various sorbents is presented in Table 10.Please cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.araAmong the analyzed sorbents, the highest affinity to nutri-
ents is found for chitosan sorbents (Table 10). They are char-
acterized by higher sorption capabilities than activated
carbons produced from agricultural wastes (Hale et al., 2013;
Chintala et al., 2013). The relatively high capabilities
to remove P–PO4 by drinking-water treatment residuals
(Fe/Al-based) presumably result from the precipitation of
phosphates with iron or aluminum ions.
According to our earlier studies (Filipkowska et al., 2014;
Jo´z´wiak et al., 2014), sorption capacity of 1 g of CHs is at
1.29 mmol P–PO4 or 0.91 mmol N–NO3. The total sorption
capacity of a mixture of nutrients (orthophosphate, nitrate
III and V) by CHs is similar (1.23 mmol/g), which may pointhate, nitrate III and V) in an equimolar mixture of P–PO4, N–NO2 and N–NO3
bjc.2016.04.008
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Figure 11 Isotherms of nutrients sorption: A – P–PO4, B – N–NO2, C – N–NO3 on CHs (from a equimolar mixture of orthophosphate,
nitrate III and nitrate V). Temp. 22 C.
Table 9 Constants determined from Langmuir’s model and from Freundlich model.
Sorbent Nutrient Langmuir model Freundlich model
Qmax (mmol/g) Qmax (mg/g) Kc (L/mmol) R
2 n K R2
CHs P–PO4 0.507 15.72 0.952 0.986 0.328 0.239 0.974
N–NO2 0.373 5.22 1.005 0.982 0.331 0.177 0.972
N–NO3 0.350 4.90 0.818 0.987 0.357 0.152 0.960
N–(NO2 + NO3) 0.723 10.12 – – – – –
Table 10 Comparison of the effectiveness of nutrients sorption on different sorbents.
Sorbent type Sorbate (nutrient type) Qmax pH Source
(mmol/g) (mg/g)
CHs (hydrogel beads) Equimolar mixture
(P–PO4/N–NO2/N–NO3)
1.23 (0.51/
0.37/0.35)
25.84 (15.72/
5.22/4.90)
4.0 This work
CHs (hydrogel beads) P–PO4 1.29 39.90 4.0 Filipkowska et al. (2014)
Drinking-water treatment residuals (Fe-based) P–PO4 1.45 44.89 7.0 Castaldi et al. (2014)
Drinking-water treatment residuals (Fe-based) P–PO4 0.94 29.26 9.0 Castaldi et al. (2014)
Drinking-water treatment residuals (Al-based) P–PO4 0.57 17.76 7.0 Castaldi et al. (2014)
Hydrotalcite (HTLc) (uncalcined Al–Cl) P–PO4 0.49 15.28 – Kuzawa et al. (2006)
Drinking-water treatment residuals (Al-based) P–PO4 0.31 9.70 9.0 Castaldi et al. (2014)
Tailings of mixed Cu–Pb–Zn streams P–PO4 0.25 7.72 – Huang et al. (2015)
Fe-magnetic sorbents with humic acids P–PO4 0.14–0.31 4.40–9.64 7.5 Janos et al. (2013)
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Table 10 (continued)
Sorbent type Sorbate (nutrient type) Qmax pH Source
(mmol/g) (mg/g)
Kaolinite P–PO4 0.14–0.18 4.25–5.55 5.0 Matusik (2014)
Halloysite P–PO4 0.15 4.70 5.0 Matusik (2014)
Soil (weathered shale and schist) P–PO4 0.12 3.62 – Huang et al. (2015)
Biochar from cocoa shell P–PO4 0.05 1.48 9.0 Hale et al. (2013)
Biochar from corn cobs P–PO4 0.01 0.17 7.4 Hale et al. (2013)
Sediments of lakes (content Al + Fe) P–PO4 0.004–0.03 0.13–0.83 – Wang et al. (2005)
Cationized pine sawdust N–NO3 1.09 15.3 6.3 Keranen et al. (2015)
CHs (hydrogel beads) N–NO3 0.91 12.71 4.0 Jo´z´wiak et al. (2014)
Biochar from corn pine wood N–NO3 0.80 11.2 4.0 Chintala et al. (2013)
Biochar from corn N–NO3 0.70 9.83 4.0 Chintala et al. (2013)
Biochar from switchgrass N–NO3 0.70 9.74 4.0 Chintala et al. (2013)
Hydrotalcite (HTLc) (Calcined Mg–Al–CO3) N–NO3 0.56 7.90 – Hosni and Srasra (2008)
Halloysite N–NO3 0.53 7.36 5.0 Matusik (2014)
Nano-alumina N–NO3 0.39 5.48 4.4 Bhatnagar et al. (2010)
Hydrotalcite (HTLc) (uncalcined Ni–Fe–Cl) N–NO3 0.01 1.04 – Tezuka et al. (2005)
Biochar from corn cobs N–NO3 0.0 0.0 7.4 Hale et al. (2013)
Sorption of nutrients in an equimolar mixture 13to a similar mechanism of anionic nutrients binding and to the
competition between anions for the active centers. The sorp-
tion centers of CHs are capable of binding a specified number
of sorbates of a given type (anionic). The sorption of a selected
nutrient onto CHs may, potentially, be impaired by chlorides
(Cl), sulfates (SO4
2), bicarbonates (HCO3
) (Saad et al.,
2007) and some organic substances, e.g. fatty acids (R-COO).5. Summary
Chitosan in the form of hydrogel beads is an effective sorbent
of nutrients with a negative charge in the solution. Satisfying
results of the sorption process may be achieved on condition
of the appropriate pH value of the solution and strictly
specified process duration.
Optimal pH value of nutrients (orthophosphate, nitrate III
and V) sorption onto chitosan is pH 4. The sorption of P–PO4,
N–NO2 and N–NO3 at pH > 5 is ineffective. The system
always tends to reach the pH value close to the zero point of
charge of chitosan, i.e. pHZPC = 7.65. It solves the problem
of wastewater neutralization after the sorption process. A neg-
ative effect of pH change during sorption of nutrients is likely
the release of the earlier sorbed nutrients back to the solution.
The time after which nutrients are intensively released by CHs
is 120 min for phosphates and 60 min for nitrates III and V.
The common acceptable time of P–PO4, N–NO2 and N–NO3
sorption on CHs is 60 min.
The maximal quantity of nutrients capable to be bound by
CHs is over 1 mmol/g. In the equimolar mixture of P–PO4,
N–NO2 and N–NO3, the most effective sorption was observed
in the case of orthophosphates. Nutrients affinity to the
sorption centers of CHs may be ordered as follows:
P–PO4 > N–NO2 > N–NO3. The analysis of experimental
data points to tangible competition between nutrients for the
sorption centers of chitosan. The effectiveness of nutrients
sorption from municipal wastewater is determined by the con-
tent of other ions with a similar electric charge in the aqueous
solution. It is, therefore, suggested to apply the sorptionPlease cite this article in press as: Jo´z´wiak, T. et al., Sorption of nutrients (orthophosp
using chitosan. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.araprocess for the treatment of solutions in which the removed
nutrient is the predominating contaminant. Sorption would
also be profitable as one of the final stages of wastewater treat-
ment (e.g. after bio-treatment).
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